Abstract An attempt is made for the effective application of Gravitational Search Algorithm (GSA) to optimize PI/PIDF controller parameters in Automatic Generation Control (AGC) of interconnected power systems. Initially, comparison of several conventional objective functions reveals that ITAE yields better system performance. Then, the parameters of GSA technique are properly tuned and the GSA control parameters are proposed. The superiority of the proposed approach is demonstrated by comparing the results of some recently published techniques such as Differential Evolution (DE), Bacteria Foraging Optimization Algorithm (BFOA) and Genetic Algorithm (GA). Additionally, sensitivity analysis is carried out that demonstrates the robustness of the optimized controller parameters to wide variations in operating loading condition and time constants of speed governor, turbine, tie-line power. Finally, the proposed approach is extended to a more realistic power system model by considering the physical constraints such as reheat turbine, Generation Rate Constraint (GRC) and Governor Dead Band nonlinearity.
Introduction
The main objective of a power system utility is to maintain continuous supply of power with an acceptable quality to all the consumers in the system. The system will be in equilibrium, when there is a balance between the power demand and the power generated. There are two basic control mechanisms used to achieve power balance; reactive power balance (acceptable voltage profile) and real power balance (acceptable frequency values). The former is called the Automatic Voltage Regulator (AVR) and the latter is called the Automatic Load Frequency Control (ALFC) or Automatic Generation Control (AGC). For multiarea power systems, which normally consist of interconnected control area, AGC is an important aspect to keep the system frequency and the interconnected area tie-line power as close as possible to the intended values [1] . The mechanical input power to the generators is used to control the system as it is affected by the output electrical power demand and to maintain the power exchange between the areas as planned. AGC monitors the system frequency and tie-line flows, calculates the net change in the generation required according to the change in demand and changes the set position of the generators within the area so as to keep the time average of the ACE (Area Control Error) at a low value. ACE is generally treated as controlled output of AGC. As the ACE is adjusted to zero by the AGC, both frequency and tie-line power errors will become zero [2] .
Several control strategies for AGC of power systems have been proposed in order to maintain the system frequency and tie line power flow at their scheduled values during normal and disturbed conditions. In [3] , a critical literature review on the AGC of power systems has been presented. It is observed that, considerable research work is going on to propose better AGC systems based on modern control theory [4] , neural network [5] , fuzzy system theory [6] , reinforcement learning [7] and ANFIS approach [8] . But, these advanced approaches are complicated and need familiarity of users to these techniques thus reducing their applicability. Alternatively, a classical Proportional Integral Derivative (PID) controller and its variant remain an engineer's preferred choice due to its structural simplicity, reliability, and the favorable ratio between performances and cost. Additionally, it also offers simplified dynamic modeling, lower user-skill requirements, and minimal development effort, which are major issues of in engineering practice. In recent times, new artificial intelligence-based approaches have been proposed to optimize the PI/PID controller parameters for AGC system. In [9] , several classical controllers structures such as Integral (I), Proportional Integral (PI), Integral Derivative (ID), PID and Integral Double Derivative (IDD) have been applied and their performance has been compared for an AGC system. Nanda et al. [10] have demonstrated that Bacterial Foraging Optimization Algorithm (BFOA) optimized controller provides better performance than GA based controllers and conventional controllers for an interconnected power system. In [11] , Ali and Abd-Elazim have employed a BFOA to optimize the PI controller parameters and shown its superiority over GA in a two area nonreheat thermal system. A gain scheduling PI controller for an AGC system has been proposed by Gozde and Taplamacioglu [12] for a two area thermal power system with governor dead-band nonlinearity where the authors have employed a Craziness based Particle Swarm Optimization (CPSO) with different objective functions to minimize the settling times and standard error criteria. Shabani et. al [13] employed an Imperialist Competitive Algorithm (ICA) to optimize the PID controller parameters in a multiarea multiunit power system. In [14] , a modified objective function using Integral of Time multiplied by Absolute value of Error (ITAE), damping ratio of dominant eigenvalues and settling time is proposed where the PI controller parameters are optimized employed Differential Evolution (DE) algorithm and the results are compared with BFOA and GA optimized ITAE based PI controller to show its superiority.
It obvious from literature survey that, the performance of the power system not only depends on the artificial techniques employed but also depends on the controller structure and chosen objective function. Hence, proposing and implementing new high performance heuristic optimization algorithms to real world problems are always welcome. Gravitational Search Algorithm (GSA) is a newly developed heuristic optimization method based on the law of gravity and mass interactions [15] . It has been reported in the literature that GSA is more efficient in terms of CPU time and offers higher precision with more consistent results [16] . However, studied on choosing the controller parameters of GSA has not been reported in the literature. In a PID controller, the derivative mode improves stability of the system and increases speed of the controller response but it produces unreasonable size control inputs to the plant. Also, any noise in the control input signal will result in large plant input signals which often lead to complications in practical applications. The practical solution to these problems is to put a first filter on the derivative term and tune its pole so that the chattering due to the noise does not occur since it attenuates high frequency noise. Surprisingly, in spite of these advantages, Proportional Integral Derivative with derivative Filter (PIDF) controller structures are not attempted for the AGC problems. Having known all this, an attempt has been made in the present paper for the optimal design of GSA based PI/PIDF controller for AGC in a multiarea interconnected power system.
The aim of the present work is as follows:
(i) to study the effect of objective function of the system performance (ii) to tune the control parameters of GSA (iii) to demonstrate the advantages of GSA over other techniques such as DE, BFOA and GA which are recently reported in the literature for the similar problem (iv) to show advantages of using a modified controller structure and objective function to further increase the performance of the power system (v) to study the effect of the physical constraints such as Generation Rate Constraints and governor dead band on the system performance.
System modeling
The system under investigation consists of two area interconnected power system of non-reheat thermal plant as shown in Fig. 1 . Each area has a rating of 2000 MW with a nominal load of 1000 MW. The system that is widely used in the literature is for the design and analysis of automatic load frequency control of interconnected areas. In Fig. 1 , B 1 and B 2 are the frequency bias parameters; ACE 1 and ACE 2 are area control errors; u 1 and u 2 are the control outputs form the controller; R 1 and R 2 are the governor speed regulation parameters in pu Hz; T G1 and T G2 are the speed governor time constants in s; DP V1 and DP V2 are the change in governor valve positions (pu); DP G1 and DP G2 are the governor output command (pu); T T1 and T T2 are the turbine time constant in s; DP T1 and DP T2 are the change in turbine output powers; DP D1 and DP D2 are the load demand changes; DP Tie is the incremental change in tie line power (p.u); K PS1 and K PS2 are the power system gains; T PS1 and T PS2 are the power system time constant in s; T 12 is the synchronizing coefficient and Df 1 and Df 2 are the system frequency deviations in Hz,. The relevant parameters are given in Appendix A. Each area of the power system consists of speed governing system, turbine and generator as shown in Fig. 1 . Each area has three inputs and two outputs. The inputs are the controller input DP ref (denoted as u 1 and u 2 ), load disturbances (denoted as DP D1 and DP D2 ), and tie-line power error DP Tie . The outputs are the generator frequency deviations (denoted as DF 1 and DF 2 ) and Area Control Error (ACE) given by [2] .
where B is the frequency bias parameter.
To simplicity the frequency-domain analyses, transfer functions are used to model each component of the area. Turbine is represented by the transfer function [2] :
From [2] , the transfer function of a governor is as follows:
The speed governing system has two inputs DP ref and DF with one output DP G (s) given by [2] :
The generator and load is represented by the transfer function [2] :
where K P = 1/D and T P = 2H/fD. The generator load system has two inputs DP T (s) and DP D (s) with one output DF(s) given by [2] :
Overview of Gravitational Search Algorithm
Gravitational Search Algorithm (GSA) is one of the newest heuristic algorithms inspired by the Newtonian laws of gravity and motion [15] . In GSA, agents are considered as objects and their performance is measured by their masses. All these objects attract each other by the force of gravity and this force causes a global movement of all objects toward the objects with a heavier mass. Hence masses co-operate using a direct form of communication through gravitational force. The heavy masses that correspond to good solution move more slowly than lighter ones, and this guarantees the exploitation step of the algorithm. In GSA, each mass (agent) has four specifications: position, inertial mass, active gravitational mass and passive gravitational mass. The position of the mass corresponds to a solution of the problem and its gravitational and inertia masses are determined using a fitness function. In other words each mass presents a solution and the algorithm is navigated by properly adjusting the gravitational and inertia masses. By lapse of time it is expected that masses be attracted by the heavier mass. This mass will present an optimum solution in the search space. The GSA could be considered as an isolated system of masses. It is like a small artificial world of masses obeying the Newtonian laws of gravitation and motion. Masses obey the following laws [15, 16] .
Law of gravity
Each particle attracts every other particle and the gravitational force between the two particle is directly proportional to the product of their masses and inversely proportional to the distance between them R. It has been reported in the literature that R provides better results than R 2 in all experiment cases [15] .
Law of motion
The current velocity of any mass is equal the sum of the fraction of its previous velocity and the variation in the velocity. Variation in the velocity or acceleration of any mass is equal to the force acted on the system divided by mass of inertia.
For a system with 'n' agent (masses), the ith position of an agent X i is defined by: Optimal gravitational search algorithm for automatic generation controlAt a specific time 't', the force acting on mass 'i' from mass 'j' is defined as follows: where, M aj is the active gravitational mass related to agent j, M pi is the passive gravitational mass related to agent i, G(t) is the gravitational constant at time t, e is small constant, and R ij (t) is the Euclidian distance between two agents i and j given by:
The stochastic characteristic in GSA algorithm is incorporated by assuming that the total forces that act on agent 'i' in a dimension 'd' be a randomly weight sum of dth components of the forces exerted from other agents as follows:
where rand j is a random number in the interval [0, 1] The acceleration of the agent 'i' at the time t and in the direction dth, is given by the law of the motion as:
where M ii (t) is the inertia mass of ith agent. The velocity of an agent is updated depending on the current velocity and acceleration. The velocity and position are updated as follows:
where rand i is a uniform random variable in the interval (0, 1). The random number is used to give a randomized characteristic to the search process. The gravitational constant G is initialized at the beginning. To control the search accuracy it is reduced with time and expressed as function of the initial value (G 0 ) and time t as:
where a is a constant and T is the number of iteration.
The masses (gravitational and inertia) are evaluated by the fitness function. Efficient agents are characterized by heavier masses. Assuming the equal gravitational and inertia mass, the values of masse are calculated using the map of fitness. The gravitational and inertial masses are updated as follows: where fit i (t) represents the fitness value of the agent 'i' at time t and best(t) is defined for a minimization problem as: To achieve a good compromise between exploration and exploitation, the number of agents is reduced with lapse of Eq. (10) and therefore a set of agents with bigger mass are used for applying their force to the other.
The performance of GSA is improved by controlling exploration and exploitation. To avoid trapping in a local optimum GSA must use the exploration at beginning. By lapse of iterations, exploration must fade out and exploitation must fade in. In GSA only the Kbest (which is a function of time, with the initial value K 0 at the beginning and decreasing with time) agents attract the others. At the beginning, all agents apply the force, and as time passes Kbest is decreased linearly and at the end there is just one agent applying force to the others. Therefore, Eq. (10) is modified as follows:
where Kbest is the set of first K agents with the best fitness value and biggest mass k.
The different steps of the GSA are the followings:
i. Identify the search space of parameters to be searched.
ii. Initialize the variables. iii. Evaluate the fitness of each agent. iv. Update G(t), best(t), worst(t) and M i (t) for i = 1,2,. . ., n. v. Calculate the total force in various directions. vi. Calculate the acceleration and velocity. vii. Update the position of the agents. viii. Repeat steps (iii) to (vii) until the stop criteria is reached.
ix. End.
GSA is characterized as a simple concept which is easy to implement and computationally efficient. In order to improve exploration and exploitation capabilities, GSA has a flexible and balanced mechanism. More precise search is achieved by assuming a higher inertia mass which causes a slower motion of agents in the search space. Faster convergence is obtained by considering a higher gravitational mass which causes a higher attraction of agents. GSA is a memory-less algorithm but works powerfully like the other memory based algorithms. The nature inspired population based techniques have proved themselves to be effective solutions to optimization problems control parameters and objective function is involved in these optimization techniques, and appropriate selection of these is a key point for success. It has been reported that, GSA tends to find the global optimum faster than other algorithms and has a higher convergence rate for uni-modal high-dimensional functions. The performance of GSA for multi-modal functions is comparable with other algorithms [15] .
The proposed approach

Controller structure
The Proportional Integral Derivative Controller (PID) is the most popular feedback controller used in the process industries. It is a robust, easily understood controller that can provide excellent control performance despite the varied dynamic characteristics of process plant. As the name suggests, the PID algorithm consists of three basic modes, the proportional mode, the integral and the derivative modes. A proportional controller has the effect of reducing the rise time, but never eliminates the steady-state error. An integral control has the effect of eliminating the steady-state error, but it may make the transient response worse. A derivative control has the effect of increasing the stability of the system, reducing the overshoot, and improving the transient response. Proportional integral (PI) controllers are the most often type used today in industry. A control without derivative (D) mode is used when: fast response of the system is not required, large disturbances and noises are present during operation of the process and there are large transport delays in the system. PID controllers are used when stability and fast response are required. Derivative mode improves stability of the system and enables increase in proportional gain and decrease in integral gain which in turn increases speed of the controller response. However, when the input signal has sharp corners, the derivative term will produce unreasonable size control inputs to the plant. Also, any noise in the control input signal will result in large plant input signals. These reasons often lead to complications in practical applications. The practical solution to the these problems is to put a first filter on the derivative term and tune its pole so that the chattering due to the noise does not occur since it attenuates high frequency noise. In view of the above a filter is used for the derivative term in the present paper.
In the present paper, identical controllers have been considered for the two areas as the two areas are identical. The structure of PID controller with derivative filter is shown in Fig. 2 where K P , K I and K D are the proportional, integral and derivative gains respectively, and N is the derivative filter coefficient. When used as PI controller, the derivative path along with the filter is removed from Fig. 2 . The error inputs to the controllers are the respective area control errors (ACE) given by:
The control inputs of the power system u 1 and u 2 are the outputs of the controllers. The transfer function of the controller is given by:
Objective function
While designing a controller, the objective function is first defined based on the desired specifications and constraints. The design of objective function to tune controller parameters is generally based on a performance index that considers the entire closed loop response. Some of the realistic control specifications for Automatic Generation Control (AGC) are as follows [2] :
(i) The frequency error should return to zero following a load change. (ii) The integral of frequency error should be minimum. (iii) The control loop must be characterized by a sufficient degree of stability. (iv) Under normal operating conditions, each area should carry its own load and the power exchange between control areas following a load perturbation should maintained at its prescheduled value as quickly as possible.
To determining the optimum values of controller parameters conventional objective functions are considered at the first instance. Time-domain techniques based on objective functions can be classified into two groups: (a) Criteria based on a few points in the response (b) Criteria based on the entire response, or integral criteria. The integral criteria are generally accepted as a good measure for system performance. An advantage of using the integral gain is that it can be easily extended to a multi-loop system. The commonly used integral based error criteria are as follows: Integral of Squared Error (ISE), Integral of Absolute Error (IAE), Integral of Time multiplied Squared Error (ITSE) and Integral of Time multiply by Absolute Error (ITAE). These integral based objective functions for the present problem are expressed as given below:
In the above equations, DF 1 and DF 2 are the system frequency deviations; DP Tie is the incremental change in tie line power; t sim is the time range of simulation.
The problem constraints are the PI/PIDF controller parameter bounds. Therefore, the design problem can be formulated as the following optimization problem.
Minimize J ð28Þ
Subject to For PI controller :
For PIDF controller : K P min K P K P max ;
where J is the objective function (J 1 , J 2 , J 3 and J 4 ) and K PIDmin and K PIDmax , are the minimum and maximum value of the PI/PID control parameters. As reported in the literature [10] [11] [12] [13] [14] 17] , the minimum and maximum values of PID controller parameters are chosen as -2.0 and 2.0 respectively. The range for filter coefficient N is selected as 1 and 100 [17] . Optimal gravitational search algorithm for automatic generation control
Results and discussions
Application of GSA
At the first instance physical constraints such as reheat turbine, Generation Rate Constraint and governor dead band are neglected. In the absence of above physical constraints, the studied power system becomes similar to that used in references [11, 14] . The model of the system under study is developed in MATLAB/SIMULINK environment and GSA program is written (in .mfile). The developed model is simulated in a separate program (by .mfile using initial population/controller parameters) considering a 10% step load change in area 1. The objective function is calculated in the .mfile and used in the optimization algorithm. At the first instance, the following parameters are chosen for the application of GSA: population size NP = 30; maximum iteration = 500; gravitational constants G 0 = 30 and a = 10; K 0 = total number of agents and decreases linearly to 1 with time [18] . Optimization is terminated by the prespecified number of generations. The flowchart of proposed optimization is shown in Fig. 3 . Simulations were conducted on an Intel, core 2 Duo CPU of 2.4 GHz and 2 GB MB RAM computer in the MATLAB 7.10.0.499 (R2010a) environment. The optimization was repeated 50 times and the best final solution among the 50 runs is chosen as final controller parameters. The best final solutions obtained in the 50 runs for each objective functions are shown in Table 1 .
To investigate the effect of objective function on the dynamic performance of the system, settling times (2% of final value) and peak overshoots in frequency and tie-line power deviations along with minimum damping ratios are also provided in Table 1 . It can be seen from Table 1 that best system performance is obtained with maximum value of damping ratio and minimum values of settling times and peak overshoots in frequency and tie-line power deviations when ITAE is used as objective function.
GSA parameters tuning
The success of GSA is heavily dependent on setting of control parameters namely; constant a, initial gravitational constant G 0 , population size NP and number of iteration T. While applying GSA these control parameters should be carefully chosen for the successful implementation of the algorithm. A series of experiments were conducted to properly tune the GSA control parameters in order to optimize the PI parameters employing ITAE objective function. Table 2 shows the GSA outcomes as a result of varying its control parameters.
To quantify the results, 50 independent runs were executed for each parameter variation. It is clear from results shown in Table 2 that the best settings for constant a, gravitational constant G 0 , population size NP and number of iteration T are a = 20, G 0 = 100, NP = 20 and T = 100 respectively. Note that increasing the population size NP beyond 20 and iterations T beyond 100 will improve the average, maximum and standard deviation values slightly (with same minimum value) at the expense of increasing the computation time significantly.
Modified objective function
Once the GSA control parameters are set, modifications in the objective function and controller structure are considered to further improve the performance of the power system. The modified objective function J 5 tries to minimize the ITAE error, maximizes the minimum damping ratios of dominant eigenvalues and minimizes the settling times of Df 1 , Df 2 and DP Tie as given by Eq. (31) below: where, DF 1 and DF 2 are the system frequency deviations; DP Tie is the incremental change in tie line power; t sim is the time range of simulation; f i is the damping ratio and n is the total number of the dominant eigenvalues; ST is the sum of the settling times of frequency and tie line power deviations respectively; x 1 to x 3 are weighting factors. Inclusion of appropriate weighting factors to the right hand individual terms helps to make each term competitive during the optimization process. Tables 3 and 4 . The ITAE values, minimum damping ratios and settling times (2% of final value) for above controllers are also provided in Table 4 . For comparison, the results of some recently published technique/controller/objective function for the same power system are also given in the Tables 3 and 4 . Table 4 . The best system performance is obtained with GSA optimized PIDF controller optimized using the modified objective function as evident form Table 4 . For better visualization of the improvements with the proposed approach, the above results are presented graphically in Fig. 4 . To study the dynamic performance of the proposed controllers optimized employing tuned GSA using modified objective function (J 5 ), a step increase in demand of 10% is applied at t = 0 s in area-1 and the system dynamic responses are shown in Figs. 5-7. For comparison, the simulation results with GA and BFOA optimized PI controller using ITAE objective function [11] and DE optimized PI controller using modified objective function [14] for the same power system are also shown in Figs. 5-7. Critical analysis of the dynamic responses clearly reveals that significant improvement is observed with PIDF controller optimized employing GSA using modified objective function (J 5 ) compared to GA, BFOA and DE PI.
Analysis of results
It is clear from
The performance of the proposed controllers is further investigated for simultaneous load disturbance at both areas. A simultaneous step increase in demand of 10% in area-1 and 30% in area-2 is considered at t = 0.0 s and the system responses are shown in Figs. 8-10 from which it is evident that the designed controllers are robust and perform satisfactorily when the location of the disturbance changes.
Sensitivity analysis
Sensitivity analysis is carried out to study the robustness the system to wide changes in the operating conditions and system parameters [9, 10] . Taking one at a time, the operating load condition and time constants of speed governor, turbine, tieline power are changed from their nominal values (given in Appendix A) in the range of +50% to À50% in steps of 25%. PIDF controller optimized employing GSA using modified objective function J 5 is considered due to its superior performance.
The optimum values of controller parameters, at changed loading conditions and changed system parameters (for a step increase in demand of 10% at t = 0 s in area-1) are provided in Table 5 . The corresponding performance indexes (ITAE values, settling times and minimum damping ratios) with the above varied system conditions are given in Table 5 . Critical examination of Table 5 clearly reveals that the performance indexes are more or less same. The frequency deviation response of area 1 with above varied conditions is shown in Figs. 11-14 . It can be observed from Figs. 11-14 that the effect of the variation in operating loading conditions and system time constants on the system responses is negligible. So it can be concluded that, the proposed control strategy provides a robust control and the controller parameters obtained at the nominal Figure 16 Change in frequency of area-2 for 10% change in area-1. Figure 15 Change in frequency of area-1 for 10% change in area-1. Figure 11 Frequency deviation of area-1 for change in nominal load. Figure 13 Frequency deviation of area-1 for change in T T . Figure 14 Frequency deviation of area-1 for change in T G . Figure 12 Frequency deviation of area-1 for change in T 12 .
loading with nominal parameters, need not be reset for wide changes in the system loading or system parameters.
Inclusion of physical constraints
To get an accurate insight into the AGC problem, it is necessary to include the important inherent requirement and the basic physical constraints and include them model. The major constraints that affect the power system performance are reheat turbine, Generation Rate Constraint (GRC), and governor dead band (GBD) nonlinearity [19] . In view of the above, the study is further extended to a more realistic power system by considering the effect of reheat turbine, GRC, and GBD. As most of the thermal plants are of reheat type, a reheat turbine is also considered in the proposed realistic power system model. In a power system having steam plants, power generation can change only at a specified maximum rate. The generation rate for non-reheat thermal units is usually higher than the generation rate for reheat units. The reheat units have a generation rate about of 3-10% pu MW/min [20] . The speed governor dead band has a great effect on the dynamic performance of electric energy system. GBD is defined as the total amount of a continued speed change within which there is no change in valve position. The effect of the GBD is to increase the apparent steady-state speed regulation.
The speed-governor dead band has makes the system oscillatory. A describing function approach is used to include the GBD nonlinearity. The maximum value of dead band for governors of large steam turbines is typically specified as 0.06% (0.036 Hz) [19] . In view of the above, a GRC of 3%/ min and GBD of 0.036 Hz are considered in the present work.
To investigate the importance of considering the physical constraints, two cases (Case A and Case B) are considered. In Case A, no constraint is considered in the model and in Figure 17 Change in tie line power for 10% change in area-1. Figure 18 Frequency deviation of area-1 for 10% change in area-1 with physical constraints. Figure 19 Frequency deviation of area-1 for 10% change in area-1 with physical constraints.
Case B, GBD, GRC and reheat turbine are considered. It is observed that the system becomes unstable when the optimum parameters which were obtained for Case A are applied to the Case B. Hence, the PIDF controller parameters are retuned for Case B employing GSA using modified objective function (J 5 ) for a 10% step load increase in area-1 at t = 0 s. The optimum values of controller parameters are as follows: A step increase in demand of 10% is applied at t = 0 s in area-1 and the system dynamic responses is shown in Figs. 15-17 . It is evident from Figs. 15-17 that the system is stable with retuned controller parameters but the dynamics of the power system is affected with increased over shoot, performance errors and settling times. Finally, sensitivity analysis is done to study the robustness the system to wide changes in the operating conditions and system parameters as before. The various performance indexes (ITAE values, settling times and minimum damping ratios) under normal and parameter variation cases are given in Table 6 . It can be noticed from Table 6 that when physical constraints are introduced, the variations in performance index are more prominent. So it can be concluded that in the presence of GBD, GRC and reheat turbine, the system becomes highly non-linear (even for small load perturbation) and hence the performance of the designed controller is degraded. To complete the analysis, a 10% step load increase in area-1 at t = 0 s is considered and the frequency deviation response of area-1 for the above varied conditions are shown in Figs. 18-21. From Table 6 and Figs. 18-21 it can be concluded that once the controller parameters are tuned under varied conditions, the performance of the proposed controllers that are satisfactory is more or less the same under varied conditions.
Conclusion
An attempt has been made for the first time to apply a powerful computational intelligence technique like GSA to optimize PI and PIDF controller parameters for AGC of a multiarea interconnected power system. Firstly, the system without any physical constraint is optimized using conventional objective functions. It is observed the performance of the power system is better in terms of minimum damping ratio, settling times and peak overshoots in frequency and tie-line power deviations when ITAE objective function is used compared to IAE, ISTE and ISE objective functions. Then, the parameters of GSA technique are properly tuned and the recommended GSA parameters are found to be: a = 20, G 0 = 100, NP = 20 and T = 100 respectively. Further, a modified objective function is employed and the parameters of PI and PIDF controller are optimized by tuned GSA. The superiority of the proposed approach is demonstrated by comparing the results with Differential Evolution (DE), Bacteria Foraging Optimization Algorithm (BFOA) and Genetic Algorithm (GA) techniques. Sensitivity analysis reveals that the optimum PIDF controller tuned at the nominal and varied conditions are quite robust and performs satisfactorily under wide changes in system loading conditions or in system parameters. Finally, the proposed approach is extended to a more realistic power system model by considering the physical constraints such as reheat turbine, GRC and governor dead band nonlinearity. It is observed that the when physical constraints are introduced, the variations in performance index are more prominent as evident from the sensitivity analysis. 
